Cartilaginous fishes have a very high phenotypical diversity, a phenomenon for which the 29 mechanisms have been largely unexplored. Here, we report the genome of the white-spotted 30 bamboo shark as the first chromosome-level genome assembly of cartilaginous fish. Using 31 this genome, we illustrated a dynamic chromosome rearrangement process in the bamboo 32 shark, which resulted in the formation of 13 chromosomes, all of which were sparsely 33 distributed with conserved genes and fast-evolving. We found the fast-evolving 34 chromosomes to be enriched in immune-related genes with two chromosomes harboring the 35 major genes for developing the single-chain antibody. We also found chromosome 36 rearrangements to have resulted in the loss of two genes (p2rx3 and p2rx5) which we also 37 showed were involved in cartilage development using a CRISPR/Cas9 approach in zebrafish. 38
Introduction 42
The white-spotted bamboo shark, Chiloscyllium plagiosum, (hereinafter referred to as 43 bamboo shark) belongs to the class of Chondrichthyes, which is one of the oldest extant 44 jawed vertebrate groups 1 . The cartilaginous fishes diverged from a common vertebrate 45 ancestor about 460-520 million years ago (MYA), and have been since evolving 46 independently into distinct lineages 2 . Most cartilaginous fishes have a large number ofand bamboo shark showed at least four possible genome rearrangement events in the bamboo 121 shark resulting in the loss of the gene, p2rx5 (Fig. 2a) , which was previously reported to be 122 involved in bone development and homeostasis [20] [21] [22] [23] [24] [25] [26] . Furthermore, analysis of the whole gene 123 family of purinergic receptor P2X in twelve species (including sea lamprey, the three sharks 124 and eight bony fishes) showed that p2rx3 and p2rx5 were lost in the three cartilaginous fishes 125 while at least five paralogs (p2rx1, p2rx2, p2rx3, p2rx4, p2rx5) with multiple copies were 126 found in bony fishes (Supplementary Figure 12 and Supplementary Table 14-15). P2X 127 receptors consists of ligand-gated ion channels, and activation of the receptor triggers 128 signaling pathways associated with Ca 2+ influx [27] [28] [29] . Moreover, P2X receptors has been 129 showed to participate in differentiation and proliferation of osteoblast 20, 29, 30 , bone formation 130 and resorption 24, 31, 32 . Thus, it is reasonable to assume that loss of those genes during 131 evolution may explain the establishment of chondrification of the endoskeleton in 132 cartilaginous fish. To verify our hypothesis, we performed a knockout of p2rx3a and p2rx5 133 using a CRISPR/Cas9 approach in zebrafish embryos (Supplementary Figure 13) , and the 134 embryos of 9 days post-fertilization (dpf) were stained with alizarin red. Ventral view of 9 135 dpf mutant embryos showed significantly reduced mineralization in multiple skeletal 136 landmarks (Fig. 2b, c, d, f, g ), confirmed by semi-quantitative analysis of mineralization 137 degree (mineralization area and mineralization integral optical density, IOD) in those 138 embryos (Fig. 2h, i, j, k) . Despite the extent of bone reduction was various due to somatic 139 chimaerism with regard to gene disruption, the phenotype of inhibited mineralization took up 140 a noticeable greater proportion in the knockout embryos, when compared to the wild type 141 (Fig. 2e) . These results in zebrafish suggest that the absence of these genes is one of the 142 major causes of the chondrified endoskeleton in cartilaginous fish, underscoring the 143 functional importance of genome rearrangements in evolution. 144
Discussion 145
With whole genome and Hi-C sequencing, we successfully constructed a chromosome-146 level genome of the bamboo shark which is, to our knowledge, the first chromosome-level 147 genome assembly for cartilaginous fish species. Guided by the previous observation of highly 148 divergent chromosome numbers in cartilaginous fishes, we inferred the ancestral 149 chromosomes of cartilaginous fishes to find dynamically rearranging chromosomes during 150 their evolution. We then illustrated the evolutionary consequences of these rearrangements, 151
including the formation of fast-evolving chromosomes with fewer conserved genes and more 152 fast-evolving genes, as well as the loss of functionally important genes. We also inferred that 153 these consequences ultimately resulted in phenotypic diversity, including the formation of 154 immune systems specific to sharks and the emergence of cartilage. Our study highlights the 155 importance of chromosome rearrangements in the diversification of cartilaginous fish, and 156 also provides numerous insights into evolution of all species. With the highly effective 157 methods described in this study, more chromosome-level genome assemblies can be 158 constructed in the future to further illustrate the evolution of the oldest jawed vertebrate 159 groups, as well as the paraphyletic group of all fishes. Our bamboo shark genome will also be 160 significant for future immune studies and related pharmaceutical development. 161
Materials and Methods 162

DNA, RNA extraction 163
Blood samples were collected from a female bamboo shark for whole genome sequencing. 14 164 tissue types were collected for RNA sequencing. A DNA sample was extracted from whole 165 blood using the phenol-chloroform method and its quality and quantity were assessed by 166 pulsed field gel electrophoresis and Qubit Fluorometer. RNA samples were extracted by 167 using TRIzol ® Reagent and was assessed by Agilent 2100. 168
Library construction 170
Firstly, for WGS libraries with average insert sizes of 180 bp and 350 bp, a Covaris E220 171 ultrasonicator (Covaris, Brighton, UK) was used to shear the extracted high-quality DNA and 172
AMPure XP beads (Agencourt, Beverly, the U.S.) were used to select target fragments. Then, 173 fragment end-repairing and A-tailing were performed by T4 DNA polymerase, T4 174 polynucleotide kinase and rTaq DNA polymerase. Next, PCR amplification of eight cycles 175 was carried out and the single-strand circularization process was performed using T4 DNA 176
Ligase, generating a single-stranded circular DNA library for sequencing. 177
Secondly, for mate-pair libraries, a Covaris E220 was used to acquire ~2 kb DNA 178 fragments and Hydroshear (GeneMachines, CA, USA) was used to acquire ~5 kb, ~10 kb and 179 ~20 kb DNA fragments. After further selection and purification of DNA, fragments were 180 end-repaired and biotin-labeled. The modified fragments were circularized and re-fragmented 181 using a Covaris E220. Biotin-labeled DNA fragments were captured on M280 streptavidin 182 beads (Invitrogen, CA, USA), end-repaired, A-tailed and adaptor-ligated. Biotin-labeled 183 fragments were PCR-amplified, purified on streptavidin-coated magnetic beads, size-selectedby agarose gel electrophoresis and column purification, single-stranded and re-circularized. 185
The purified PCR products were heat-denatured together with an adapter that was a reverse-186 complement to a particular strand of the PCR product, and the single-stranded molecule was 187 then ligated using DNA ligase to get a single-stranded circular DNA library. 188
Thirdly, a blood sample was used for constructing the Hi-C library. The fresh blood cells 189
(5 x 106) were collected by centrifugation and re-suspended in 1 ml of 1x PBS by repetitive 190
pipetting. The cells were cross-linked by adding 37% formaldehyde (SIGMA, America) to 191 obtain a 1% final concentration, to which was added a 2.5M glycine solution (SIGMA, 192 America) to a final concentration of 0.2M to quench the reaction. To prepare nuclei, the 193 formaldehyde-fixed powder was resuspended in nuclei isolation buffer (10 mM Tris-HCl pH 194 8.0 (SIGMA, America), 10 mM NaCl (BEYOTIME, Shanghai, China), 1× PMSF (SIGMA, 195 St. Louis, America)) and then incubated in 0.5% SDS for 10 min at 62 °C. SDS was 196 immediately quenched with 10% Triton X-100 (SIGMA, St. Louis, America) and the nuclei 197 were collected by brief centrifugation. DNA was digested by restriction enzyme (Mbo I) 198 (NEB, Ipswich, America) and the 5' overhang was repaired using a biotinylated residue (0. Waltham, America). Then DNA fragments were end-repaired and adaptor ligation was 214 performed. After PCR (95℃ 3 min.; [98℃ 20 sec., 60℃ 15 sec., 72℃ 15 sec.] (8 cycles); 215 72℃ 10 min.), the standard circularization step required for the BGISEQ-500 platform was 216 carried out and DNBs were prepared as previously described. 217
Fourthly, for RNA library construction, mRNA was extracted from different tissues using 218 TRIzol ® Reagent, fragmented, and then reverse-transcribed into cDNA by using Hiscript II 219
Reverse Transcriptase (Vazyme Biotech, Nanjing City, P.R. China). Then, all single-stranded 220 circular DNA libraries were constructed by using the same strategy described as above. 221
222
Sequencing for all libraries 223
All sequencing data were generated using the BGISEQ-500 platform. Libraries with an 224 average insert size of 180 bp and 350 bp were sequenced yielding paired-end reads with 100 225 bp in length. Mate-pair libraries with average insert sizes of 2k, 5k, 10k and 20k and Hi-C 226 library were sequenced yielding reads with 50 bp in length. RNA libraries were also 227 sequenced yielding paired-end reads with 100 bp in length. 228
229
Genome assembly and annotation 230
Firstly, we filtered raw sequencing data by discarding low-quality reads (defined as >10% 231 bases with quality values less than 10 and >5% unidentified (N) bases), adaptor-contaminated 232 reads and PCR duplicate reads. We trimmed a few bases at the start and end of reads 233 according to the FastQC (v0.11.2) 33 results. Secondly, we randomly selected about 40X clean 234 reads to carry out k-mer analysis to estimate the genome size (Supplementary Figure 1) . 235
Thirdly, we used Platanus (v1.2.4) 34 to perform the initial assembly with WGS clean data 236 with parameters "assemble -k 29 -u 0.2, scaffold -l 3 -u 0.2 -v 32 -s 32 and gap_close -s 34 -237 k 32 -d 5000". We filled gaps using KGF (v1.19) and GapCloser with default parameters. 238 After obtaining the final chromosome-level genome, we proceeded with genome 247 annotation including repeat contents, gene models and gene function. For repeat section, both 248 homolog-based and de novo prediction strategies were carried out. In detail, RepeatMasker (v 249 4.0.5) 38 and RepeatProteinMasker (v 4.0.5) were used to detect interspersed repeats and low 250 complexity sequences against the Repbase database 39 at the nuclear and protein levels, 251 respectively. Then RepeatMasker was further used to detect species-specific repeat elements 252 using a custom database generated by RepeatModeler (v1.0.8) and LTR-FINDER (v1.0.6) 40 . 253
In addition, Tandem Repeat Finder (v4.0.7) 41 was dispatched to predict tandem repeats. The 254 final repeat content result was integrated using in-house scripts. Before gene model 255 construction, we masked the repeat sequences because of their negative effect on gene model 256 prediction. We downloaded protein sets of 13 species including Homo sapiens, Mus 257 46 to scan the whole genome with a custom 269 training set generated by using 2,000 high quality genes. Subsequently, we combined the 270 homology-based and de novo-predicted gene sets using GLEAN 47 and integrated the 271 GLEAN and transcriptome results with in-house scripts to generate a representative and non-272 redundant gene set. The final gene set was assigned with a potential function by aligning 273 proteins to databases including KEGG, Swissprot, TrEMBL and InterPro. 274
musculus, Gallus gallus, Xenopus tropicalis, Ornithorhynchus anatinus, Danio rerio, Oryzias 258 latipes, Strongylocentrotus purpuratus, Ciona intestinalis, Rhincodon typus and 259
Callorhinchus milii
Evolution of chromosomes 275
For ancestral chromosomes construction, we identified paralogous genes and orthologous 276 genes by using criteria defined by Salse et al 
MHC genes and P2X gene family analysis 288
We downloaded coding sequences and proteins of Callorhinchus milii (GCF_000165045.1), 289
Rhincodon typus (GCF_001642345.1), Fugu rubripes (GCF_000180615.1) and Larimichthys 290 crocea (GCF_000972845.1) from NCBI database, Danio rerio, Latimeria chalumnae, 291
Oryzias latipes and Gasterosteus aculeatus from Ensembl (release 84), sea lamprey from 292 (https://genomes.stowers.org/organism/Petromyzon/marinus) and Branchiostoma floridae 293 from JGI Genome Portal (http://genome.jgi-psf.org/Brafl1/Brafl1.home.html) and thenperformed initial filtering by discarding sequences less than 30 amino acids keeping the 295 longest transcript if one gene was present with multiple transcripts. Next, the gene function 296 annotation of these gene sets was performed by using the same criteria as bamboo shark. 297
Then we summarized the MHC genes and P2X gene families by using the above information. 298
The P2X-like genes (Supplementary Table 14) were searched in NCBI database. 299
Identification of IgNAR 300
We downloaded IgNAR (immunoglobin new antigen receptor from cartilaginous) nucleotide 301 sequences from NCBI database and align these sequences to bamboo shark genome using 302 BLAST to verify the IgNAR loci. 303
Knockout of P2X genes 304
CRISPR/Cas9 were used to cleave targeted sites of genes of interest in order to induce 305 mutations during non-homologous end joining (NHEJ) repair in zebrafish. For p2rx3a and 306 p2rx5 genes, 3 different sgRNAs were designed to target exon 1 of p2rx3a and of p2rx5 307 Table 16 ). sgRNAs were designed using software developed by an online 308 tool of CRISPOR (http://crispor.tefor.net), and then synthesized and purified in our labs. Tail clips of 9 dpf embryos were used for preparing genomic DNA, KOD-FX (TOYOBO, 313 Japan) were employed for genotyping PCRs with primer pairs P2RX3F/R and P2RX5F/R 314 (Supplementary Table 17 ) for p2rx3a and p2rx5 assays, respectively. Purified PCR 315 products were cloned into pMD18-T vector (TaKaRa, Japan) for transformation to DH5-α 316 competence cells of Escherichia coli and sequencing. 317
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Embryos were then stained with alizarin red that binds to calcium salt in mineralization 318 matrix for phenotyping. Alizarin red staining followed a modified protocol 51 . Phenotype data 319 were collected by microfilm photos, and all images for each test were taken under identical 320 conditions. The mineralization area and integral optical density (IOD) of alizarin red staining 321 were quantified with the software of Image-Pro Plus V6.0 (Media Cybernetics, USA). Science 239, 512-513, doi:10.1126/science.239.4839.512 (1988) . Ichthyological Society of Japan, Tokyo, 148-157 (1986 C  D  E  F  G  H  I  J  K  L  M  N  O  P  Q  R  S  T  U   A0 A1 B0 B1 C0 C1 D0 D1 E0 E1 F0 F1 G0 G1 H0 H1 I0 I1 J0 J1 K0 K1 L0 L1 M0 M1 N0 N1 O0 O1 P0 P1  Q  R  S  T  U   A0 A1 B0 B1 C0 C1 D0 D1 E0 E1 F0 F1 G0 G1 H0 H1 I0 I1 J0 J1 K0 K1 L0 L1 M2  N0 N1 O0 O1 G1   G1   A0  A1  A1  B0  B1  B1  B1  C0  C1  D0  D1  D1  E0  E1  E1  F0  F1   G0   E1  H0  H1  I0  I1  K0  K1  K1  K1  K1  O0  O1L0  L1  N0  N1  M2 
